Abstract -This study examined how the type of compartment inventory data affects the outcome of forest planning calculations. The inventory data alternatives were tree level data vs. a set of stand characteristics. When stand characteristics were used the diameter distribution of trees was predicted from the stand variables. For this, prediction models for the parameters of the diameter distribution of stand basal area were developed for seven main tree species in Catalonia. An optimisation approach was used to find the coefficients of the parameters models. The predicted diameter distribution was either scaled to yield the measured total stand basal area, or calibrated with the help of more than one stand characteristics. Individual tree data were used as a reference method to which the stand level data and the alternative ways to derive the diameter distributions were compared. The methods were compared in terms of calculated inventory results, growth predictions and treatment prescriptions (harvest removals per compartment) for the province of Lleida in Catalonia. The results showed that tree-and stand-level inventory data give very similar results. Calibration of the predicted diameter distribution improved the accuracy of forest planning calculations. When stand basal area, number of trees per hectare and basal-area-weighted median diameter were used to calibrate the diameter distributions the results were rather close to those based on tree level inventory data. diameter distribution models / calibration / forest planning Résumé -L'utilisation des données au niveau arbre par rapport au niveau peuplement dans les calculs de planification en forêt -Est-ce réellement important ? Ce travail analyse comment le type de données d'inventaire affecte les calculs de planification et de gestion forestières. Les données d'inventaire testées étaient soient des données concernant les arbres, soit des caractéristiques générales des peuplements. Lors de la mise en oeuvre de caractéristiques de peuplement, la distribution des diamètres des arbres était prédite à partir des variables de peuplement. Pour cela, des modèles prédictifs de distribution de diamètres à partir de la surface terrière ont été développés pour sept espèces d'arbres de Catalogne. Une approche par optimisation a été utilisée pour trouver les coefficients des modèles. La distribution des diamètres prédite a été soit directement rapportée à la surface terrière totale, soit calibrée avec plusieurs caractéristiques du peuplement. Des données par arbre ont été utilisées comme référence pour une comparaison des prédictions au niveau du peuplement et les solutions alternatives pour simuler la distribution des diamètres ont été analysées. Les méthodes ont été comparées en termes de résultats de calculs d'inventaire, de prédiction de croissance et de prescription de traitements sylvicoles (récoltes par compartiments) pour la province de Lleida en Catalogne. Les résultats montrent que les inventaires au niveau arbre et au niveau peuplement produisent des résultats très similaires. Une calibration de la distribution prédite des diamètres a amélioré la précision des calculs de planification forestière. Lorsque la surface terrière, le nombre d'arbre à l'hectare et la surface terrière pondérée par le diamètre médian étaient utilisés pour calibrer la distribution des diamètres les simulations produisaient des résultats très proches de ceux basés sur les données de l'inventaire par arbre. modèles de distribution de diamètre / calibration / planification forestière
INTRODUCTION
In Catalonia, forest inventory is the most expensive task of forest management planning. Usually, many circular, concentric or relascope plots are placed within the compartment and the diameters of individual trees of the plots are measured and recorded. However, Palahí et al. [1] suggested that the use of calibrated diameter distribution models would allow the use of cheaper and more rapid forest inventory methods measuring only basal area (G) and the number of trees per hectare (N) in all stands, plus mean diameters in heterogeneous stands or in places where more accurate information is required. This which uses tree-wise growth models. When using predicted distribution, Maltamo [4] demonstrated that it is more accurate to predict the distributions of all main tree species of the stand separately rather than predicting one common distribution.
The aim of this study was to examine how the type of inventory data affects the outcome of forest planning calculations. Individual tree data were used as a reference method. Stand level data were used to predict the diameter distribution of trees, which was used in subsequent calculations. Different alternatives to calibrate predicted diameter distributions were also tested. The methods were compared in terms of calculated inventory results, growth predictions and treatment prescriptions (harvest removals) using the plots of the national forest inventory from the province of Lleida in Catalonia. Since there were no parameter models for the diameter distribution available for all species, new models were developed for those main tree species in Catalonia which lacked the models.
MATERIALS AND METHODS

Modelling diameter distributions
The modelling approach and data were the same as in the study of Palahí et al. [7] , which developed diameter distributions models for Pinus sylvestris, Pinus nigra and Pinus halepensis. In the present study, additional models for seven other important tree species in Catalonia, as well as common models for all oaks, a model for all pines and a model for all species were developed. The common models were used for species that did not have a species-specific model. The modelling data were provided by the Spanish National Forest Inventory [2] , which consisted of a systematic sample of permanent plots distributed on a square grid of 1 km, with a 10-year remeasurement interval. From the inventory plots over the whole of Catalonia, all plots with at least five trees were selected. The distributions were fitted separately to all species of the plot that accounted for at least 15% of the number of trees. However, a maximum of three distributions per plot were fitted. If there were remaining trees, they were combined with the trees of the dominant species. The plots represented all age structures and degrees of mixture between species. Most of the stands were naturally regenerated. The sample plots were measured for the first time in 1989 and 1990. Data from this first measurement were used in modelling (see Tab. I). For more details on the sampling method and variables measured see Palahí et al. [10] .
The two-parameter form of the truncated Weibull distribution was selected to model the basal area diameter distributions [10] . The probability density function of the two-parameter truncated Weibull distribution is:
where d is tree diameter (cm), b is the scale parameter, c is the shape parameter and t is a fixed truncation point (7.5 cm in this study).
The parameter prediction models were developed using the optimisation approach (method 6 in [1] ). It minimises the following objective function:
where F i j = observed cumulative probability of tree j in plot i;
, i.e., the value of the cumulative distribution function evaluated at d i j ; and d i j = diameter of tree j in plot i. The observed cumulative frequency of tree j was calculated by dividing the number of trees smaller than or equal to d i j by the total number of trees on plot i. The optimised variables were the coefficients of the prediction models for Weibull parameters b and c. These models had the following forms:
where N is number of trees per hectare, G is stand basal area (m 2 ha −1 ), Ele is elevation (m) and Dq is quadratic mean diameter (cm; Dq = √ (40000/π × G/N)). All predictors were not included in every model but only the significant ones.
It was assumed that two of the following stand characteristics were available; basal area (G), number of stems per hectare (N) or the quadratic mean diameter (Dq) [10] . Furthermore, the elevation of the plot was assumed to be available as a potential predictor in the parameter models.
Testing of the use of stand-level inventory data
All plots of the second NFI in the province of Lleida with more than 5 trees were used for examining the performance of stand level inventory data in combination with diameter distributions and different calibration variables. A total number of 2 480 plots were used in the calculations. Each NFI plot represented 100 ha, which means that the calculations represented a forest area of 248 000 ha (see Fig. 1 ). The only purpose of calculations was to test the effect of input data, i.e. they have no implications concerning forestry practice.
For each plot and separately for each species the following variables were calculated; number of trees ha −1 (N), stand basal area in m 2 ha −1 (G), non-weighted mean diameter in cm (D, calculated as d j /N), basal area weighted mean diameter in cm (Dg, calculated as g j d j / g j ), median diameter in cm (DM) and basal area median diameter (DgM). DM is the diameter that divides the number of trees into two equal parts while DgM divided stand basal area into two equal parts. Then, the following five methods were used to import the inventory data to the Spanish forest planning system for Catalonia, MONTE [13] , which was used to conduct all calculations (T refers to tree-level inventory data and S to stand level data):
T: All measured trees in the plot were imported, i.e. empirical diameter distribution was used (reference method) S: Number of trees per hectare (N), stand basal area (G), their transformation quadratic mean diameter (Dq) and elevation were used to predict the diameter distribution of the plot, i.e., parameters b and c of the Weibull distribution were predicted. This distribution was then used to calculate the frequencies of 1-cm diameter classes. One of the following variable combinations was used to scale (method 1) or calibrate (methods 2-4) the frequencies of diameter classes (DgM = basal area median diameter, D = nonweighted mean diameter, Dg = basal-area-weighted mean diameter, DM = median diameter, DgM = basal area median diameter): 1: G (method 1, class frequencies scaled to match with the total basal area); 2: G+N (method 2); 
The location of Catalonia, the province of Lleida and the inventory plots which were used in the calculations of this study.
3: G+N+DgM (method 3); 4: G+N+D+Dg+DM+DgM (method 4).
In cases 1 to 4, the characteristics were imported by tree species and the parameters of the diameter distribution were predicted by tree species using the models developed in this study and in Palahí et al. [10] . The calibration technique used in methods 2-4 is explained in detail in Palahí et al. [11] . The methods were compared in terms of calculated inventory results, growth predictions and treatment prescriptions (harvest removals per compartment). The calculations in MONTE are based on a set of representative trees, each tree being described by species, diameter, height, and number of trees per hectare. The representative trees can be the measured trees of inventory plots (method T above) of mid-point trees of diameter classes (method S). In this study, calculation of the inventory results used the individual-tree height models developed by Trasobares et al. [17, 18] and the stem volume functions published in the NFI [2] , while calculating growth predictions (10-year predictions) used the models of Trasobares et al. [17, 18] for individual-tree diameter growth, tree height, ingrowth and tree survival. Finally, treatment prescriptions for all plots with the different data input methods were calculated by using combinatorial optimization tools available in the MONTE forest planning system [13] . For this, nine different treatment schedules representing uneven-aged forestry differing in the timing and intensity of the selection fellings were simulated for each plot over a 10-year period. The forest planning problem consisted of three objective variables; (1) annual value increment at the end of the 10-year period (to be maximized); (2) problem was solved using the tabu search heuristic [14] . The optimal solution included one schedule per plot and the corresponding harvested volume.
RESULTS
Diameter distribution models
The parameter models estimated by the optimisation approach are in Tables II and III. The t-values of all coefficients were high, mostly more than 10. Only two of the main stand variables, N, G and Dq, were used simultaneously as predictors. Elevation (E) was a significant predictor for P. sylvestris, P. uncinata and P. nigra, as well as for the models fitted for all pines and all species together.
Current standing volume
Using any combination of stand variables produced total volume estimates close to those based on tree-level data (Fig. 2) . However, using only G to scale the predicted diameter distribution underestimated the volume (Fig. 2) . Figure 3 shows that the most accurate results were obtained when using all calibration variables (method 4). Furthermore, using G + N+DgM produced more accurate results than when using G or G + N. Among these two, the use of G as a scaling variable produced less precise results than using G + N (Fig. 3) and G + N underestimated the current yield in about 1% of the plots (see Fig. 3 ). Table IV shows the root mean square error (in m 3 ha −1 ) calculated for the current standing volume from the differences between estimates based on the different predicted diameter distributions and those based on the measured distribution (tree list). Using this criterion, method 3 had the best performance, although very similar to method 4. Method 1, which scaled the diameter distribution with G produced a significantly higher RMSE. 
Model of Palahi et al. [14] . 
Growth predictions
Ten-year growth predictions were produced using the 4 different methods to obtain diameter distributions in combination with the individual tree growth models of the MONTE planning system. Method 1 clearly overestimated the volume increment, while method 3 produced results closest to the reference method (Fig. 4) . Figure 5 shows that at the plot level, growth predictions based on methods 3 and 4 were the most accurate, although slightly biased (they tend to overestimate the increments in 0.5-1% of the plots when compared to the increments predicted based on the measured trees). Figure 5 also shows that method 1 produced much less precise and rather biased predictions (overestimations). Method 2 followed method 1 in terms of inaccuracy. Table IV shows that the root mean square error (in m 3 ha −1 ) calculated for the predicted 10-year volume increment was the lowest for method 4 followed closely by method 3. Again, method 1 produced the highest RMSE. Figure 6 shows the harvested volume in the optimal plan in each plot calculated for each method used to estimate the initial diameter distribution. The more there are off-diagonal dots, the more the treatments are unequal. Dot located on x and y axes represent plots in which there is a cutting proposal with one input data alternative but no proposal with the other alternative. Dots near the diagonal are plots in which both the Table IV . Root mean square error of different calibration methods for stand volume, predicted volume increment and optimal harvest. The RMSEs are calculated from the differences between estimates based on predicted diameter distributions and those based on measured distribution. In the RMSEs for cutting proposal, 'Cut in both' refers to stands having a cutting proposal with both the measured and predicted diameter distribution, and 'Cut with measured' to stands where there is a proposal with measured distribution. proposal (cutting vs. no cutting) and the removal are the same. The number of such plots is the highest when all calibration variables were used. The relative RMSEs for removals are high, 139.9-152.7% of the mean removal (Tab. IV), because differences arise both from different proposals and different cutting intensities. If only those plots are considered in which there is a cutting proposal with both input data alternatives the RMSE is 32-38% of the mean proposal. If differences in the proposed thinning intensity are ignored, stand level inventory data produced a cutting proposal similar to tree-level data in 84.1-86.5% of plots (Tab. V). The similarity is 70.9-75.7% if the harvested volumes may not differ more than 10 m 3 ha −1 . Calibration of predicted distribution decreased discrepancies in cutting proposals.
Harvested volumes
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DISCUSSION
In Catalonia, forest inventory is the most expensive task of forest management planning. Usually, many circular, concentric or relascope plots are placed within the stand and the diameters of individual trees of the plots are measured and recorded. This study shows that cheaper forest inventory methods could also be used with only some stand characteristics assessed in each stand. This can be done using so-called ocular stand inventory, which is the prevailing practice for instance in Finland [5] . Only a few measurements are taken, most of them being relascope counts of stand basal area. Small fixedarea plots may be used to count the number of trees per plot which is then converted into number of trees per hectare. The surveyor subjectively selects the places were measurements are taken. The reason of using this kind of ocular inventory is its cost effectiveness as compared to the measurement of individual trees on inventory plots.
This study showed that the outcome of forest planning calculations is rather similar if the analyses are based of measured trees or field-assessed stand-level variables. When there are many stands or plots with nearly similar characteristics, and the cutting target is such that only part of the stands are thinned or regenerated, the selection of the cut stands is rather sensitive to the inventory data. In the present study, this sensitivity was reflected so that the cutting proposals of plots differed in 15% of plots when tree level inventory data were changed into stand level data. If both the proposal (cut vs. not cut) and the harvested volume are considered the proposals differed in 25-30% of stands. However, the practical significance of these changes may be rather small since several treatment alternatives of the same stand may be nearly equally good.
The results suggest that stand-level variables could be assessed also in Catalonia when collecting field-data for forest planning, enabling savings in field inventory. However, the precision of the inventory also affects the choice. This study assumed that there was no sampling error or bias in the field data. In practice, both methods, measurement of individual trees on sample plots and assessing stand characteristics, contain sampling error. In addition, especially the ocular stand inventory is prone to bias, which depends on the way the surveyor places the plots and assesses the characteristics. It is hard to know without further studies which of the two methods would be more accurate in Catalonian conditions. Taking into account that most stands are rather heterogeneous it can be concluded that the sampling error of plot inventory is rather large.
If the precision of field-assessed stand variables is known when stand level data are used, it can be taken into account when calibrating the predicted diameter distributions. The precision of the predicted Weibull distributions can also be taken into account. Mehtätalo [5] and Palahí et al. [11] discuss methods to do this. The present study developed new parameter prediction models for basal area diameter distribution for several main tree species in Catalonia. In mixed stands, the diameter distributions were estimated by tree species [4] . Based on the study on Palahí et al. [12] , which compared several probability density functions, the truncated Weibull function was selected to model the diameter distribution of stand basal area.
The models were based on permanent sample plots included in the Spanish National Forest Inventory. This sample provided a good database in terms of size and forest conditions. The parameter prediction models developed enable one to predict the basal area diameter distribution for any forest stand in Catalonia using rather limited information (G, N, or Dq and E). The predicted diameter distribution can be divided into diameter classes and their centre points can be used as representative trees. Then, tree-wise growth models can be used to predict stand development under different management parameters.
This study tested the effect of different methods to derive the diameter distribution from inventory data in forest planning calculations. The methods were compared in terms of the growing stock volume estimate, growth predictions and optimal harvests. The main conclusion of the analyses is that the use of stand level inventory data together with predicted diameter distributions gives very similar inventory results and management plans as the use of tree level inventory data. Calibration of the predicted diameter distribution of trees improved the accuracy of the calculations. The more there were calibration variables, i.e., the more stand variables are assessed in the field, the better are the calculation results. However, the use three calibration variables (G + N+ DgM) performed practically equally well as the use of six calibration variables. Therefore, using G, N and DgM to calibrate the predicted diameter distribution can be considered a sufficient method in forest planning calculations. Instead of DgM (basal area median diameter), basal-area-weighted mean diameter may also be used [10] .
A recent study by Kangas and Maltamo [3] , which examined the effect of calibration on growth predictions, showed results similar to the ones obtained in this study. In addition, Kangas and Maltamo [3] found that the effect of calibration was clearer in heavily thinned stands than in untreated ones.
Some of the differences in the harvested volume calculations were partly because of a random component; heuristics were used in optimization, and they were based on inspecting "random moves". In two nearly similar stands (A and B), one optimization run may have selected for instance a heavy thinning to stand A and medium intensity thinning in stand B but a second run could have done the opposite. Therefore, a more careful optimization and fewer treatment alternatives per stand would have reduced the differences.
